Background Vitamin D is critical for musculoskeletal health and has been implicated in the risk of extraskeletal diseases, including cancer, cardiovascular diseases, and autoimmune diseases, as well as overall mortality. Although numerous studies deal and have dealt with vitamin D deficiency and its consequences, experts cannot agree on the right 25-hydroxyvitamin D levels. This survey aims to shed light on the ongoing vitamin D controversy from different angles. Questions/purposes We discuss the minimum threshold for the 25-hydroxyvitamin D level to guarantee optimal health, why vitamin is D critical to musculoskeletal and extraskeletal functions, and new evidence for the success of prevention measures such as food fortification. Methods We searched PubMed, Google Scholar, and reference lists of articles using several keywords. The most recent search was in February 2011. Results While the use of parathyroid hormone as a surrogate measure did not lead to a consensus concerning the required 25-hydroxyvitamin D serum level, the combined analysis of bone mineralization and vitamin D status has established minimum levels of more than 75 nmol/L (30 ng/mL) to guarantee at least skeletal health. An effective measure to approach this status is food fortification, which has been demonstrated by countries such as Canada, the United States, and Finland. Conclusions Given the health economic implications of failure to maintain a balanced vitamin D status, action is recommended to integrate current scientific knowledge on vitamin D into physicians' treatment of patients and governmental policies on food fortification.
Introduction
Three percent of the human genome [8] is regulated, directly and/or indirectly, by the vitamin D endocrine system. Vitamin D not only controls calcium homeostasis and bone turnover [19] but also has been implicated in the risk of overall mortality [30] , cancer [25] , diabetes [25] , musculoskeletal disorders [25] , physical performance [9] , hypertension [25] , cardiovascular diseases [25] , and autoimmune diseases [25] . However, no consensus exists concerning the minimum serum concentration of 25-hydroxyvitamin D necessary to guarantee optimal health. Many estimates of lower thresholds were based on the presence of secondary hyperparathyroidism through a functionally relevant vitamin D. Thus, parathyroid hormone (PTH) levels are used as a surrogate measure of the vitamin D status, but different studies advocate different levels [11] . Another surrogate measure is bone mineral density (BMD), as low BMD values are associated with low 25-hydroxyvitamin D levels. This approach also results in a wide range of borderline 25-hydroxyvitamin D values associated with decreased bone mass. While there is general agreement that the 25-hydroxyvitamin D level should in general be more than 20 ng/mL ([ 50 nmol/L) in all individuals [42] , a much higher population-wide level of 30 ng/mL or more (C 75 nmol/L) is advocated by others [11] . Thus, a major obstacle in determining the incidence of vitamin D deficiency is the absence of a consensus as to the minimum 25-hydroxyvitamin D serum level required to guarantee skeletal health [42] .
Vitamin D is required for maintenance of musculoskeletal health [19] , and supplementation of vitamin D is the first step in the management of patients with osteoporosis [41, 42] , one of the most prevalent diseases in the Western hemisphere that renders bone prone to fracture [31] . The body's vitamin D is mainly produced within the skin, while vitamin D intake by nutrition plays a minor role (see Fig. 1 for activation process). However, some 20 years ago, Webb et al. [47] , studying seasonal differences in vitamin D synthesis, pointed out solar exposure in neither Edmonton (latitude 53°N) nor Boston (latitude 42°N) was sufficient to guarantee adequate vitamin D supply throughout the year.
In fact, vitamin D is a misnomer, as calcitriol is not a vitamin, but a secosteroid hormone. It exerts its biologic actions through binding to the vitamin D receptor, which is almost ubiquitously expressed in human cells [2] . Thus, it is important for not only musculoskeletal health but also extraskeletal health [25] . To holistically consider the body's health, our attention in this survey encompasses findings from vitamin D deficiency, its associated health risks, and medical treatment.
The purposes of our review are to (1) focus on a new approach of defining the required vitamin D threshold of circulating 25-hydroxyvitamin D using bone and vitamin D data; (2) give an overview about the steadily increasing bodies of evidence for its importance to musculoskeletal and extraskeletal health; and (3) based on the latter, discuss the health economic burden of vitamin D deficiency and options for its resolution.
Search Strategy and Criteria
This survey follows the Cochrane guidelines for systematic review searching [21] . PubMed and Google Scholar have been screened for the keywords ''vitamin D'' followed by ''deficiency,'' ''fortification,'' ''supplementation,'' ''risk assessment,'' ''health,'' ''fracture,'' ''cancer,'' or ''health economics.'' These keywords were connected by Boolean operators ''AND'' or ''OR.'' Initially, 160 articles were identified; 39 articles from both databases were excluded because they were duplicate articles, and 72 duplicates with regard to content were also excluded. This left 49 articles for our review ( 
Defining the Required Vitamin D Threshold
Two commonly suggested approaches to ascertain adequate vitamin D levels, serum PTH levels and BMD, cannot be used to answer the question of the required vitamin D level. PTH levels range from 12 to 40 ng/mL (30-100 nmol/L) [11] . The threshold levels for BMD reportedly vary between 12 ng/mL (30 nmol/L) [29] and 30 ng/mL (75 nmol/L) [5] . Regression analysis in a population-based study demonstrated higher vitamin D levels were correlated with higher BMD values throughout the whole spectrum from 9 to 37 ng/mL (22.5-92.6 nmol/L) and in all subgroups [5] . A third approach is histomorphometric analysis, typically of iliac crest bone biopsies from individuals without skeletal diseases. The power of an individual histomorphometric osteoid index to predict an individual D level and vice versa is rather low. This is most likely explained by the fact that bone mineralization and calcium homeostasis are not solely explained by vitamin D. Nevertheless, an initial assessment of 675 individuals has revealed skeletal mineralization defects were absent in individuals with 25-hydroxyvitamin D levels of more than 30 ng/mL (75 nmol/L) [39] . The initial data were confirmed by the Hamburg Bone Biopsy & Vitamin D (HBBD) trial ( Fig. 3 ) by increasing the number to some 2000 individuals. This surrogate measure argues levels should be 30 ng/mL or more (C 75 nmol/L) to guarantee at least bone health ( Fig. 4 ).
Importance of Vitamin D to Musculoskeletal and Extraskeletal Health
Various clinical, experimental, and epidemiologic studies point out vitamin D status plays a major role in the pathogenesis of various chronic diseases, including musculoskeletal diseases such as osteoporosis or extraskeletal diseases such as cancer and cardiovascular or autoimmune diseases [7, 10, 12, 26, 35, 36, 49] . Mechanisms in the bone Volume 469, Number 11, November 2011 How Much Vitamin D Do We Need? 3129 protection repertoire of vitamin D also include reduction of the excessive bone remodeling that increases bone fragility, reduction in fracture rate, and improvement in neuromuscular function [4, 37] . Reduction in fracture rate and improvement in neuromuscular function have been known for a long time from the finding that vitamin D-producing ultraviolet B irradiation improves athletic performance (for a review, see Cannell et al. [9] ). In fact, muscle power is associated with 25-hydroxyvitamin D levels [46] . One recent study suggests testosterone and vitamin D show a concordant seasonal variation and demonstrated androgen levels and 25-hydroxyvitamin D levels are associated in men [48] . A reanalysis of The Third National Health and Nutrition Examination Survey (NHANES III) study demonstrated having low 25-hydroxyvitamin D levels (\ 17.8 ng/mL) was associated with a 26% increased rate of all-cause mortality (mortality rate ratio, 1.26; 95% confidence interval, 1.08-1.46) [30] . This mortality is not solely explained by fractures but brings cancer into perspective. The inverse association between vitamin D and colorectal cancer [13] or prostate cancer [1] has been demonstrated. These data have been strengthened through a randomized, double-blind, placebo-controlled 4-year trial that included 1179 postmenopausal women in Nebraska showing a reduction in cancer risk through vitamin D [28] . The current evidence for the association of low vitamin D and increased cancer risk has been reviewed by Giovannucci [15] and Holick [24] .
Vitamin D Deficiency and Options for Its Resolution
Vitamin D insufficiency has been described for populations on different latitudes and with different ethnic backgrounds. Considering 30 ng/mL (75 nmol/L) as the consensus threshold to maintain skeletal health, we are facing an endemic vitamin D deficiency, affecting, eg, 90% of the population in northern Germany. This endemic problem affects all ages. In fact, analysis of 10,015 children and adolescents who participated in the German National Health Interview and Examination Survey for Children and Adolescents demonstrated 87% of children between 3 and 17 years of age present with vitamin D deficiency, which is even more prevalent in children with an immigrant background (92% of boys and 94% of girls) [22] . In Germany, this is due to low levels of sunlight coupled with the prohibition to fortify food with vitamin D. A health economic Markov analysis for Germany showed a population-wide daily supplementation of 1000 IU vitamin D would prevent some 25,000 hip fractures every year and save the German healthcare system around 2.5 billion Euros annually [44] . Other studies estimated, in the United States, a similar supplementation would save some $24 to $31 billion annually [16, 17] . That fortification of foodstuffs can improve the vitamin D status of a population has been demonstrated for many countries [27, 34] . The therapeutic window for a safe supplementation of vitamin D is extremely wide, as the body regulates the biologic activation of cholecalciferol through control of 1a-hydroxylase activity (for a review on risk assessment of vitamin D, see Hathcock et al. [18] ). This of course does not hold true for the supplementation of the active hormone (calcitriol) for people with chronic kidney disease, for example, as the therapeutic window is rather small here [40] and it is hard to predict the attained serum 25-hydroxyvitamin D levels as a function of dosage regime [20] . Recent clinical studies suggest even the current upper level (2000 IE daily intake) considered safe is more restrictive than necessary.
Discussion
Numerous studies deal with vitamin D deficiency and its consequences on health. Nonetheless, experts cannot agree on the right 25-hydroxyvitamin D level. The purposes of our review were therefore to (1) focus on a new approach of defining the required vitamin D threshold of circulating 25-hydroxyvitamin D using bone and vitamin D data; (2) give an overview about the steadily increasing bodies of evidence for its importance to musculoskeletal and extraskeletal health; and (3) based on the latter, discuss the health economic burden of vitamin D deficiency and options for its resolution. Our survey is associated with a number of limitations. First, we had to exclude numerous articles, while emphasizing the most important ones. For this, two authors assessed all articles independently and extracted potential information for this article. A third author finally decided on the information to include in this paper and synthesized selected articles. Clearly, with a selective review and limited searching, important articles could have been omitted. Nonetheless, we believe the review representative. Second, it remains uncertain whether the third approach to define an adequate threshold, the histomorphometric analysis of iliac crest bone biopsies from individuals without skeletal diseases, resolves the controversy. Serum PTH and BMD are alternate measures, but these parameters have not led to any consensus in the literature. Thus, we reason the third approach can be another and even more direct approach to assess bone health. Third, despite the extensive number of publications, several questions remain unsolved (for a summary, see Henry et al. [20] ), including (1) how we can predict serum 25-hydroxyvitamin D levels as a function of dosage regime, (2) how variations in measured 25-hydroxyvitamin D concentrations can be taken into account when settling upon a recommendation, and (3) how we can deal with the fact that epidemiologic studies show different effective 25-hydroxyvitamin D levels for different diseases.
In the past, there was no defined threshold as to the minimum 25-hydroxyvitamin D serum level that guarantees skeletal health [7] . Nonetheless, there is expert consensus that 25-hydroxyvitamin D should be greater than 50 nmol/L (20 ng/mL) in all individuals [33, 42] , although some experts advocate a mean population value of 75 nmol/L (30 ng/L) or greater [11] . However, with the combined analysis of bone mineralization and vitamin D status, we conclude minimum levels of more than 75 nmol/L (30 ng/mL) can guarantee at least skeletal health. Whether even higher vitamin D levels are required for optimal athletic performance or to prevent other extraskeletal diseases remains to be determined [20] .
Despite the great number of publications stating vitamin D deficiency is the cause of many diseases, vitamin D deficiency can also be the outcome of poor health. Nonetheless, there is strong evidence that vitamin D insufficiency substantially increases the risk of osteoporosis and thus fractures. However, some publications state vitamin D alone appears unlikely to be effective in preventing hip fractures [3] or it may even result in an increased risk of falls and fractures [43] , although it may reduce falls in people who are vitamin D deficient [14] . Bischoff-Ferrari et al. [6] showed higher vitamin D concentrations are associated with better musculoskeletal function in the lower extremities, although 3% of the population had a functional deterioration of vitamin D levels of more than 120 nmol/L. The positive effect of vitamin D on the incidence of colorectal cancer has yet to be confirmed [45] .
Vitamin D deficiency is a global challenge [38] . According to Norman et al. [33] , 50% of the elderly living in North America and Western Europe and probably 2 .
3 of the rest of the world are vitamin D deficient. Food fortification has been proven by many studies to be practicable, safe, and efficient [22, 34] . Despite positive results, vitamin D intake remains low in many countries that already fortify food with vitamin D [22] . Choosing the right products to fortify and the right fortification level should be the result of a fortification strategy based on a careful consideration of a country's nutritional habits [23] .
In summary, the combined analysis of bone mineralization and vitamin D status has established minimum levels of 25-hydroxyvitamin D of more than 75 nmol/L (30 ng/mL). This threshold should be reached to guarantee at least skeletal health. Many countries have demonstrated achieving this status with fortified food is easy, effective, safe, and inexpensive.
